Aims/hypothesis Offspring of diabetic mothers have increased risk of the metabolic syndrome in adulthood. Studies examining BP in offspring of diabetic mothers have conflicting conclusions. We performed a systematic review and metaanalysis of studies reporting offspring BP in children born to diabetic mothers. Methods Citations were identified in PubMed. Authors were contacted for additional data. Systolic and diastolic BP in offspring of diabetic mothers and controls were compared. Subgroup analysis of type of maternal diabetes and offspring sex were performed. Fixed-effects models were used, and random-effects models where significant heterogeneity was present. Meta-regression was used to test the relationship between offspring systolic BP and prepregnancy BMI. Results Fifteen studies were included in the review and 13 in the meta-analysis. Systolic BP was higher in offspring of diabetic mothers (mean difference 1.88 mmHg [95% CI 0.47, 3.28]; p00.009). Offspring of mothers with gestational diabetes had similar diastolic BP to controls, but higher systolic BP (1.39 mmHg [95% CI 0.00, 2.77]; p00.05); results for type 1 diabetes were inconclusive and there were no separate data available on offspring of type 2 diabetic mothers. Male offspring of diabetic mothers had higher systolic BP (2.01 mmHg [95% CI 0.93, 3.10]; p00.0003) and diastolic BP (1.12 mmHg [95% CI 0.36, 1.88]; p00.004) than controls; in female offspring there was no difference (systolic: 0.54 mmHg [95% CI −1.83, 2.90], p00.66; diastolic: 0.51 mmHg [95% CI −1.07, 2.09], p00.52). The correlation between offspring systolic BP and maternal prepregnancy BMI was not significant (p00.37). Conclusions/interpretation Offspring of diabetic mothers have higher systolic BP than controls. Differences related to sex and type of maternal diabetes require further investigation.
Introduction
Diabetes is a common pregnancy complication, affecting up to 5% of pregnancies in the UK. Approximately 87.5% of diabetic pregnancies are due to gestational diabetes (GDM), 7.5% to type 1 diabetes, and 5% to pre-existing type 2 diabetes [1] . The prevalence of diabetic pregnancies is also rising. Between 1996 and 2004, the number of pregnancies complicated by pre-existing diabetes increased by 50%, and the prevalence of GDM doubled [2, 3] .
Diabetes during pregnancy is associated with short-term [4, 5] and long-term [6] adverse offspring outcomes. The concept that intrauterine exposure to diabetes 'programmes' long-term offspring health was postulated by Freinkel and Metzger as 'fuel-mediated teratogenesis' in 1980 [7, 8] . Offspring of diabetic mothers (ODM) have a higher rate of Electronic supplementary material The online version of this article (doi:10.1007/s00125-012-2689-8) contains peer-reviewed but unedited supplementary material, which is available to authorised users. diabetes and features of the metabolic syndrome [6] , both strongly associated with premature death [9] .
Studies in Pima Indians show that intrauterine exposure to diabetes is an independent risk factor, additional to genetic predisposition, for the development of diabetes and features of the metabolic syndrome, including increased BP [10, 11] . However, the strength of the association between diabetes during pregnancy and offspring BP is unclear, as studies to date have been small and of limited power.
The primary aim of this systematic review and metaanalysis was to establish the impact of maternal diabetes on offspring BP. Secondary objectives were to distinguish the effect of type of maternal diabetes and offspring sex on offspring BP, as the risks of hypertension and cardiovascular disease have sex-specific features [12] , and to investigate the role of maternal prepregnancy BMI in the relationship between maternal diabetes and offspring BP.
Methods

Literature search
A systematic review of published studies reporting BP in offspring of diabetic and non-diabetic pregnancies was undertaken following the MOOSE guidelines for systematic reviews of observational studies [13] . All types of maternal diabetes mellitus (prepregnancy type 1 diabetes and type 2 diabetes and GDM) were considered as exposures. An unselected non-diabetic control group must have been reported within the same study to be included in the review. The inclusion criterion for offspring was age between 2 and 18 years at the time of BP assessment.
A search was conducted in PubMed (www.ncbi.nlm.nih. gov) for studies published before 14 February 2012, using Medline subject heading (MeSH) keywords: (Pregnancy in diabetics OR Diabetes, gestational) and (Prenatal exposure delayed effects OR Child) and (Blood pressure). The review was limited to human studies. Review articles were excluded after reference lists had been searched. The search was conducted by MJH, LHP and EP; relevant studies were identified from the abstract or the full paper if no abstract was available. Reference lists of papers retrieved were searched for further studies; attempts were made to trace forward citations. In studies where BP was mentioned in the paper but not published, and in studies not reporting BP as mean±SD, MJH and AA contacted the authors for relevant data. If no response was received after two requests, or if the author was unable to provide data, the study was excluded from the meta-analysis. Where multiple papers published the same cohort, only the one reporting outcomes at the age closest to the median age of the studies overall was included.
Data extraction and analysis
Information on individual study populations, exposure, outcome, results and covariates were independently extracted by LHP and MJH and checked by AA and KL. Study quality was examined independently by AA, CG and MJH using a modified Newcastle-Ottawa Quality Assessment Scale [14] (electronic supplementary material [ESM] Fig. 1) .
The association between diabetes during pregnancy and offspring systolic BP (SBP) and diastolic BP (DBP) was examined by meta-analyses, conducted by AA, LHP, SS and MJH in RevMan 5 (5.0.24) (http://ims.cochrane.org/revman/ download) using the inverse variance method. Subgroup analyses according to type of maternal diabetes (type 1 diabetes and GDM) and offspring sex were carried out. Differences between subgroups were tested for significance using metaregression: each type-specific result was treated as one study, and robust variance estimation with hierarchical weights was used to allow for dependencies between type-specific results from the same study [15] . Where studies only reported data for different types of diabetes, pooled means and SD were calculated for all diabetes types combined.
A fixed-effects meta-analysis was carried out for all comparisons. Heterogeneity was assessed using the χ 2 test on Cochran's Q statistic [16] and by calculating I 2 , the estimated proportion of variability due to differences between studies [17] . If significant heterogeneity was present (p<0.05 from the χ 2 test), a random-effects meta-analysis was carried out. Both the fixed-and random-effects results are presented [18] . Because the test for heterogeneity is known to have low power when the number of studies is small [19] , when heterogeneity was not significant but the number of studies was five or fewer, a random-effects analysis was additionally performed to check the sensitivity of the conclusions.
Potential sources of heterogeneity were investigated. A meta-analysis restricted to studies with a high Modified Newcastle-Ottawa score (≥5 out of 7) was carried out to check whether conclusions remained the same when only high-quality studies were analysed. Where studies provided adjusted results, a separate metaanalysis was carried out; for these studies, a metaanalysis of the unadjusted data was also carried out to check whether any differences were due to a subgroup effect rather than the adjustment for confounders. To evaluate the effect of maternal prepregnancy BMI on offspring BP, the mean difference in maternal prepregnancy BMI between cases and controls was calculated for each individual study and was plotted against the mean difference in offspring SBP. A meta-regression was carried out to see if the studies with larger differences in maternal BMI had larger differences in offspring BP.
Forest plots were used to illustrate results from metaanalyses, and funnel plots to investigate bias. The pooled result from a fixed-effects analysis was used as the reference line for the funnel plot, as the random-effects result is more affected by publication bias making visual detection difficult [20] . If funnel plots showed asymmetry, Egger's test was performed [21] . Differences between groups are shown as the pooled estimated mean difference (95% CI) unless otherwise stated.
Results
Literature search
The literature search identified 94 papers, of which 19 matched the inclusion criteria [11, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] (Fig. 1) . Three additional studies [40] [41] [42] were identified from the reference lists of included papers, giving 22 papers in total. Two cohorts were reported twice; two papers were excluded on this basis [35, 37] . Four studies were excluded because the control groups were not comparable to other studies (offspring of mothers who subsequently developed diabetes [11, 23, 27] , and offspring of mothers with impaired glucose tolerance during pregnancy [31] ). One study was excluded because the study population (preterm, low-birthweight infants [22] ) was not comparable to other studies.
Fifteen papers remained for inclusion in the review. Two papers mentioned BP, but reported no data [26, 41] ; the authors were contacted, but were unable to provide the data. Where outcome data were not represented as unadjusted mean and SD [24, 30, 33, 34, 36, 38, 42] , the authors were contacted; data were received for all studies.
Final data for inclusion in the meta-analysis were available from 13 studies for SBP [24, 25, 28-30, 32-34, 36, 38-40, 42] and 12 studies for DBP [24, 25, 28-30, 32-34, 36, 38, 40, 42] . All were cohort studies (ten prospective, three retrospective). The median age of offspring at assessment was 8 years.
Seven studies provided BP in offspring of mothers with GDM [24, 25, 29, 34, 36, 39, 40] , and two in offspring of mothers with type 1 diabetes [32, 33] . Four studies included pooled outcome data for offspring of both type 1 diabetes and GDM mothers [28, 30, 38, 42] ; one study included data from prepregnancy type 2 diabetes in their pooled diabetic group [28] ; authors provided separate data for type 1 diabetes and GDM for three studies [30, 38, 42] . No study reported separate outcomes for offspring of prepregnancy type 2 diabetes.
One study provided sex-specific data for offspring BP [29] ; authors of all included studies were contacted, and sexspecific data were provided for eight further studies [24, 30, 33, 34, 36, 38, 40, 42] . Five studies reported maternal prepregnancy BMI [25, 30, 36, 39, 40] , and two studies reported offspring SBP data adjusted for prepregnancy maternal BMI [38, 39] . A description of studies included is provided in Table 1 . When heterogeneity was present in the fixed-effects analysis and the random-effects analysis was performed, the results for the fixed-effects analysis are provided in Table 2 
Authors emailed n=9
Data available suitable for the meta-analysis n=6
Data received n=7
Studies included in the systematic review n=15
Studies included in the meta-analysis n=13 Fig. 1 Flow chart of the search strategy used in this review. The relevant number of papers at each point is given Mean of up to five measurements used.
Unadjusted data provided in the paper.
T1DM and T2DM excluded.
Diastolic BP not reported.
Blinding not stated.
BW, birthweight; GA, gestational age; OGT, oral glucose tolerance; PC, prospective cohort; PGDM, pregestational diabetes mellitus (e.g. combination of T1 and T2); RC, retrospective cohort; T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus; w, weeks
There was no clear visual evidence of asymmetry from the funnel plot for SBP (ESM Fig. 2a) . The funnel plot for DBP appeared slightly asymmetric ( ESM Fig. 2b) ; studies with the largest standard errors showed an effect in the opposite direction to the pooled results. However, Egger's test was not significant for either SBP (p00.78) or DBP (p00.21). As the results regarding type 1 diabetes were inconclusive, meta-regression was not performed.
Offspring sex (nine studies)
(1) SBP There was no difference in SBP between female ODM and controls (0.54 mmHg [95% CI −1.83, 2.90]; p00.66; random-effects analysis; Fig. 5a ). SBP in male ODM was higher than in controls (2.01 mmHg [95% CI 0.93, 3.10]; p00.0003; fixed-effect analysis; Fig. 5b ).
(2) DBP There was no difference in DBP between female ODM and controls (0.51 mmHg [95% CI −1.07, 2.09]; p00.52; random-effects analysis; Fig. 6a ). DBP in male ODM was higher than in controls (1.12 mmHg [95% CI 0.36, 1.88]; p00.004; fixed-effect analysis; Fig. 6b ).
For both SBP and DBP, the difference between male ODM and male controls was greater than the difference between female ODM and female controls. The estimated differences, tested using meta-regression, were not significant for either SBP (difference 1 The following potential sources of heterogeneity other than type of maternal diabetes and offspring sex were investigated.
Study quality A meta-analysis limited to studies scoring ≥5 out of 7 according to the Modified Newcastle-Ottawa Quality Assessment Scale (seven studies for SBP [24, 29, 30, 33, 34, 36, 39] , six studies for DBP [24, 29, 30, 33, 34, 36] Adjusted analyses In five studies, SBP was adjusted for covariates including offspring sex and age [33, 34, 36, 38, 39] . A meta-analysis of the adjusted data showed that SBP was higher in ODM than controls (2.43 mmHg [95% CI 0.90, 3.97]; p00.002; random-effects analysis; ESM Fig. 4a) . A meta-analysis of the unadjusted data from these five studies showed higher SBP in ODM (1.89 mmHg [95% CI 0.97, 2.81]; p<0.0001; fixed-effects analysis: I 2 51%; p00.08). Three of the five studies provided data for DBP adjusted for covariates including offspring sex and age [33, 34, 36] . A meta-analysis of the adjusted data showed no difference in DBP between ODM and controls (−0.77 mmHg [95% CI −3.85, 2.31]; p00.62; random-effects analysis; ESM Fig. 4b) . A meta-analysis of the unadjusted data from these three studies showed higher DBP in ODM (1.51 mmHg [95% CI 0.83, 2.19]; p<0.0001; fixed-effects analysis: I 2 57%; p00.10).
Maternal prepregnancy BMI Only two studies reported offspring BP data adjusted for maternal prepregnancy BMI, so no meta-analysis was performed in this subgroup [38, 39] . Five studies provided prepregnancy BMI data [25, 30, 36, 39, 40] ; for these studies the mean difference in maternal prepregnancy BMI was plotted against the mean difference in offspring SBP (Fig. 7) . This analysis suggests that, as the difference in maternal BMI between the diabetic and nondiabetic groups reduces, so too does the difference in offspring SBP; however, this relationship was not statistically significant (p00.37).
Discussion
In this systematic review and meta-analysis, we show an association between exposure to maternal diabetes in utero and increased offspring SBP in childhood. However, subgroup analyses show the association between maternal diabetes and both SBP and DBP to be significant in male offspring, but not in female offspring. There is some evidence that the [39] ; D, Buzinaro et al (2008) [25] ; E, Kvehaugen et al (2010) [30] association between maternal diabetes and offspring SBP may be influenced by maternal prepregnancy BMI.
Our primary analyses showed high heterogeneity; possible explanations for this include type of maternal diabetes, sex and study quality. Subgroup analysis according to type of maternal diabetes demonstrates significant heterogeneity in studies reporting outcomes for offspring of mothers with GDM. This may be due to the variable definition used across studies (Table 1) , which can impact on the reported population prevalence of GDM [43] . Three studies define GDM using the Carpenter and Coustan diagnostic criteria (lower threshold than the National Diabetes Data Group) [24, 29, 39] ; all found greater systolic BP in ODM. Inclusion of studies using lower threshold criteria for GDM diagnosis may affect the magnitude of the effect seen, but long-term effects probably occur across the range of maternal glucose intolerance [44] . Differences in treatment of GDM and variation in glycaemic control achieved may also drive heterogeneity [45] . Unfortunately, most studies on the outcome of diabetic pregnancies fail to adequately describe the treatment used in their diabetic group.
The lack of significant heterogeneity in studies reporting BP in offspring of mothers with type 1 diabetes may be related to the small number of studies. For SBP, the pooled result in the random-effects analysis was smaller in magnitude and no longer significant. These findings make it difficult to draw conclusions on the magnitude of the effect of type 1 diabetes on offspring BP. Prepregnancy type 2 diabetes accounts for ∼5% of diabetic pregnancies [1] ; no studies were identified reporting BP in the offspring of these pregnancies. However, long-term effects of exposure to diabetes in utero are similar regardless of diabetes type [46, 47] . Effects of intrauterine exposure to prepregnancy type 2 diabetes on childhood BP should be assessed in future studies.
Sex-specific effects of maternal diabetes on the offspring may also explain the heterogeneity. Although the difference in effect between the sexes was not statistically significant, the effect does appear to be larger and more consistent in male offspring for both SBP and DBP. The confidence intervals for the female subgroups are not close around zero, and so do not support a lack of effect. Plausibly, a smaller effect exists in female offspring, detection of which would be complicated by the increased heterogeneity in this subgroup. Of note, the sex subgroup analyses included the same studies, with comparable population sizes, so differences observed cannot be attributed to study characteristics.The meta-regression potentially lacked power to detect sex differences, demonstrated by the wide confidence intervals. However, the different effect of maternal diabetes on BP in male and female offspring is consistent with the well-known sex disparity in the epidemiology, evolution and prognosis of cardiovascular disease, including hypertension [12] , the main explanation for which is related to the protective effect of endogenous oestrogens on BP regulation [48] . However, recent data question the protective role of female sex. We recently showed in individuals born preterm that women have higher BP than men [49] . The INTERHEART study has shown that young women have the highest risk of acute myocardial infarction related to features of the metabolic syndrome [50] . As our meta-analysis included studies with participants spanning pubertal development, this may offer further explanation for the heterogeneity in the female subgroup, as major changes in oestrogen profile occur during the pubertal period. Furthermore, the menstrual cycle influences BP [51] , and no studies reported controlling for menstrual cycle.
Study quality represents another potential source of heterogeneity; when the analysis was restricted to higherquality studies, heterogeneity was minimal and the association between maternal diabetes and SBP appeared stronger. The association between maternal diabetes and DBP was significant in this analysis, suggesting that the poor methodological quality of some studies may explain the lack of a significant effect on DBP in the overall analysis. This is supported by the funnel plots, which showed that estimates from studies with larger standard errors are in the opposite direction to the pooled result, so any bias is attenuating rather than accentuating our findings. From Egger's test, no evidence of asymmetry was shown for either SBP or DBP, and this is suggestive of low risk of publication bias. However, this finding should be interpreted with caution, as Egger's test lacks power when there are few studies [21] . The two significant factors reducing the study quality score were a lack of adjustment for offspring sex and size (weight/height/BMI) at time of assessment (see ESM Fig. 5 ). Both these factors significantly impact on BP and should be adjusted for [52] . Also, few studies reported the use of blinded assessors when measuring BP. These factors should be considered in the design of future studies in this field. Selection of high-quality studies for use in meta-analyses is vital to ensure the reliability of the pooled results.
To date, most studies of the biological pathways linking hyperglycaemia in utero and offspring BP have been conducted in animal models. Low nephron number is a powerful predictor of adult hypertension [53, 54] , and adults with primary hypertension have fewer nephrons than normotensive controls [55] . Nephron count is 13-22% lower in rats born to diabetic mothers [56] . Hyperglycaemia during pregnancy alters fetal vascular development through abnormal signalling of the vascular endothelial growth factor-A [57] and increased plasma concentrations of markers of vascular inflammation [32, 38] . At birth, umbilical cord C-peptide concentrations correlate positively with indexes of arterial stiffness [58] , an independent predictor of cardiovascular risk, playing a role in the development of isolated systolic hypertension [59] .
It is plausible that the risk of developing features of the metabolic syndrome in the offspring is related to the intrauterine exposure to a hyperglycaemic environment, independently of other risk factors such as gene determinants. Data from studies in Pima Indians support this contention, as these show that, despite a genetic predisposition to obesity and diabetes, offspring born before the onset of maternal diabetes have lower childhood BP [11] and BMI z score [60] than siblings born after the onset of maternal diabetes.
The association between offspring BP and maternal diabetes appears to be influenced by maternal prepregnancy BMI, and this is consistent with our report that the association between diabetes during pregnancy and offspring BMI is weakened when adjusted for maternal prepregnancy BMI [61] . The association between maternal BMI and offspring BP suggests that maternal hyperglycaemia of lesser degree than in overt diabetes, for which BMI is a proxy, influences offspring BP. This hypothesis is consistent with the findings of the primary analysis of the HAPO Study, which showed a continuous association between maternal glucose levels, even below those diagnostic of diabetes, and adverse neonatal outcomes [45] . In the same cohort, GDM and maternal obesity during pregnancy were independently associated with adverse pregnancy outcomes, including increased birthweight, cord blood C-peptide and offspring body fat, and the combination of these two factors had a greater impact than either one alone [5] . Follow-up of the HAPO Study has not yet provided data on offspring BP. In our meta-analysis, a trend was observed when the difference in maternal prepregnancy BMI between ODM and control groups was plotted against the difference in SBP, but there was no statistically significant difference when examined using meta-regression; however, this test had low power, as there were only five studies. Offspring SBP data adjusted for maternal prepregnancy BMI are reported in only two studies. West et al found that the association was no longer significant [38] when BP data from ODM were adjusted for maternal prepregnancy BMI. Conversely, Wright et al reported that adjustment for several variables including maternal prepregnancy BMI did not change the association between exposure to maternal diabetes and offspring SBP [39] .
It is possible that offspring BMI mediates the increase in offspring BP. Offspring BP data adjusted for offspring BMI were reported in only two studies. Rijpert et al found that adjustment for BMI did not change the significance of the difference in SBP between ODM and controls [33] , while West et al found attenuation of the relationship between maternal diabetes and offspring SBP when adjusted for offspring BMI [38] . However, adjustment in this way may be inadvisable [62] , as offspring BMI is potentially on the causal pathway linking the in utero diabetic environment and increased offspring BP. As it is not known how or if offspring BMI mediates the relationship between maternal diabetes and offspring BP, and given that only aggregate data were available to us, we were unable to explore the possibility of an independent effect of maternal diabetes and offspring BMI on offspring BP. Future studies examining the relationship between maternal diabetes and offspring BP must include collection of data on all potential confounding factors and mediators, and statistical analyses should be carried out with regard to the causal framework.
Conclusions drawn from meta-analyses of observational studies may be misleading [63] . Methods used for BP measurement varied among studies in our meta-analysis; they included manual sphygmomanometers, as well as automated devices, which have the advantage of achieving high-quality BP determinations by reducing observer errors [64] . In three studies, the method used for BP measurement was not stated. The age range in which offspring BP was measured also varied widely, and was not adjusted for in the individual studies; this potential limitation has been partially overcome by performing a meta-analysis of offspring BP data adjusted for age and sex, which still shows a significant increase in SBP in ODM compared with controls. Including studies in our primary analysis in which the diabetic population was selective (i.e. only mothers with type 1 diabetes), and thus not reflective of the spectrum of diabetes in the general population, may limit the generalisability of the findings of our primary analysis to the general obstetric population. However, given that we found no significant difference in effect dependent on type of maternal diabetes, this confounding is likely to be small.
Our findings have important implications. Children with high SBP are likely to have increased risk of hypertension in adulthood [65] . Hypertension is a significant risk factor for cardiovascular disease [66] , with a linear association between SBP, DBP and cardiovascular morbidity and mortality [67] . Consequently, even small differences in BP, such as we have described, may have important population-health implications. Estimates suggest that every 2 mmHg rise in SBP is associated with a 7% increased risk of mortality from ischaemic heart disease and a 10% increased risk of mortality from stroke [68] . Consequently, it is important to consider whether the long-term effects of intrauterine exposure to diabetes are potentially ameliorable. Animal models demonstrate that strict glycaemic control during pregnancy is essential for optimal kidney growth and development during fetal life [56] . The HAPO Study showed that maternal glucose concentrations below those considered as diagnostic for diabetes are also associated with adverse infant outcomes, suggesting that current criteria for diagnosing and treating hyperglycaemia during pregnancy need to be reconsidered [45] . A key research question now is whether strict glycaemic control during pregnancy could modify the effect of maternal diabetes on offspring BP.
